We show that a simplified, single-photodiode per polarization heterodyne receiver is able to directly suppress signal-signal beat interference (SSBI), without the need for cancellation in the digital domain. We characterize performance degradation due to SSBI, and show that a strong LO in the receiver can mitigate SSBI. Transmission of 400 Gb/s-class signals is shown over single fiber spans of up to 160 km, and over field-deployed metropolitan area fiber. These results indicate that a single photodiode can be used to receive complex optical signals in high speed fiber systems without the need for SSBI cancellation in the digital domain.
Introduction
As the amount of data carried in metropolitan/regional area networks and data-center interconnects is growing at a faster rate than for long-haul fiber networks [1] , there is significant research focus on developing simplified receiver systems more suited for these 'short-haul' systems. In long-haul fiber systems, a standard receiver for use in polarization multiplexed systems carrying complex optical data uses a local oscillator (LO) laser, two polarization-diverse 90 o optical hybrids, 4 balanced photodiode pairs and 4 high-speed analogue-to-digital converters (ADCs). Such a receiver requires precision optical components, precise matching of path lengths in both the optical and electrical domain, and a low-linewidth laser. For receivers in short-haul systems, these requirements are commonly viewed as unacceptable in terms of cost, complexity and overall size. There are several receiver systems that aim simply to remove the requirement for an LO laser while retaining optical hybrids for signal mixing, including Stokes-vector direct detection [2] and Mueller-vector direct detection [3] . While these schemes allow for complex modulation and polarization multiplexing, they still require four ADCs to digitize their outputs, and precision opto-electronic engineering. At the other extreme, pulse amplitude modulation (PAM) using direct detection on a single photodiode requires only a single ADC and photodiode (e.g. [4] ), but removes the ability to use polarization multiplexing and phase encoding. Moreover, electronic chromatic dispersion compensation is problematic for intensity-only detection, only particularly effective if the dispersion map is known a-priori (e.g. [5] ). Alternately, the link dispersion can be managed with optical dispersion compensation modules, although this adds extra loss.
To regain the ability to receive a complex optical signal, and thus allow for both phase and amplitude modulation and electronic dispersion compensation, the addition of a virtual carrier that is transmitted along with the signal enables several different approaches to modulation with the same basic receiver hardware as for PAM. These include carrier-less amplitude-and-phase (CAP) [6, 7] , multiple variants of orthogonal frequency division multiplexing (OFDM) [8] (also see review in [9] ), and Nyquist sub-carrier modulation [10] . By measuring the beat term between the signal and the virtual carrier, phase and amplitude information can be extracted from a single photodiode. However, in this case, signal-signal beating becomes an interference term that distorts the received signal. Solutions to this problem have been to include a guard-band between the virtual carrier and signal bands, so that the signal-signal beat interference (SSBI) terms fall in a separate frequency range to the signal-carrier beat [8, 11] , and selective sub-carrier encoding in OFDM systems [12, 13] . For these approaches, spectral efficiency is reduced, practically limiting channel data rates.
To regain this lost spectral efficiency, various SSBI compensation approaches have been devised, based on SSBI as a deterministic product of sent data. Several approaches have been proposed, some specific to formats like OFDM ( [9] and references therein), others more generally applicable [14, 15] . Specifically, [15] showed that SSBI cancellation based on Kramers-Kronig detection [16] provides superior performance over a range of SSBI cancellation schemes. The Kramers-Kronig detection scheme relies on the use of a strong carrier to ensure minimum-phase detection of the complex signal, and a signal processing algorithm that requires a high rate (>2 samples-per-symbol) re-sampling and interpolation [17] . Kramers-Kronig processing has enabled demonstrations of high data rate receivers using a single photodiode [18, 19] , and is currently the state-of-the-art method for high data rate, single-photodiode receivers. However, the need for a strong carrier limits the sensitivity of these formats, as the required carrier-to-signal power ratio (CSPR) limits signal-to-noise ratio for a given optical signal-to-noise ratio (OSNR) [17] . This results in a limit to the CSPR available before the system performance degrades significantly.
While the inclusion of a virtual carrier and SSBI cancellation allows for spectrally efficient QAM modulation, the single-photodiode receivers proposed to date require a LO to allow for polarization multiplexing [16, 20, 21] . Recently, receivers with a simplified optical front-end using a single-photodiode per polarization were proposed [20, 21] , using Kramers-Kronig digital processing for SSBI cancellation after detection.
However, the inclusion of a LO can allow for SSBI cancellation within the optical front-end by using balanced photodetection in a heterodyne receiver, removing the need for digital SSBI cancellation. This has been shown to enable polarization-multiplexed, high data-rate systems [22] . However, while the balanced photodiode heterodyne system demonstrated in [22] has a less complex optical front-end than an intradyne receiver, using balanced photodiodes still require precision path length matching of optical components. While balanced photodiodes were removed in [23] , similar path length matching restrictions apply, while also requiring SSBI cancellation, as expected (see [24] ).
A powerful LO, however, may allow for SSBI cancellation in the optical front end without the need for precise path-length matching. The addition of a LO enables a higher maximum useful CSPR by removing the need to transmit a strong, or indeed any, virtual optical carrier. As the optical carrier is introduced locally, there is no OSNR penalty for using a high CSPR, as opposed to SSBI cancellation techniques that rely on transmitting a significant amount of power along with the signal as a virtual carrier [9, [14] [15] [16] [17] [18] [19] . Moreover, as was commonly noted in coherent optical communication investigations decades earlier (e.g. [25-27]), a higher LO power allows for a lower power signal to be detected with the same received electrical signal waveform amplitude. As such, a higher LO power allows for a lower signal power. This in turn means that while the wanted signal-carrier beat term can be kept constant, the lower signal power reduces the magnitude of the unwanted signal-signal beat term significantly. This then suggests that the addition of a LO to a single photodiode detection system should enable significant reductions in the SSBI without requiring further digital signal processing.
Here we investigate the ability of a single-photodiode per polarization heterodyne receiver to provide detection of a complex optical signal without digital SSBI cancellation. We directly measure the SSBI contribution in this system with varied CSPRs, and link this to performance degradation in systems tests. We then demonstrate operation of this receiver in detecting 400 Gb/s channels, under noise loading and in single span transmission tests, including trials over field installed metropolitan-area fiber. As we do not transmit a virtual carrier, our measurements show around 5-dB benefit in using a heterodyne system in terms of required OSNR with respect to prior demonstrations of comparable Kramers-Kronig direct detection, and a single-span reach of an 8-channel, 3.2 Tb/s WDM system of 150 km over standard single-mode fiber. This demonstration suggests that high complexity digital signal processing for SSBI cancellation can be replaced with off-the-shelf components, without requiring precision engineering of signal path-lengths in the receiver.
Heterodyne optical detection for coherent communication systems
Heterodyne coherent detection systems use a LO that is a frequency ( f LO ) outside of the optical bandwidth of the signal (centered at f sig ) that is being measured (e.g. [25-27]). As such, the real and imaginary components of the optical signal are projected onto a RF carrier on the photodetected optical waveform at a frequency f het = f sig − f LO . This offset means that the real-valued photodetected waveform can convey the phase and amplitudes of the optical signal. A complex baseband electrical signal, with in-phase and quadrature components, can be obtained by mixing the photodetected signal with an oscillator of frequency f het (i.e. of the form exp [ j2π f het t]). This is in contrast to the intradyne coherent detection systems commonly used in long-haul fiber links, where two photodetected waveforms are required to reconstruct the complex baseband signal. Intradyne and heterodyne receivers then have fundamentally different hardware constraints, as illustrated in Fig. 1 .
The basic trade-off for intradyne against heterodyne receivers is hardware complexity against component bandwidth requirements. The intradyne receiver requires, at minimum, photodetectors and ADCs with a bandwidth equal to half the baud rate of the incoming optical signal, and also needs to optically mix and measure the signal and LO beat synchronously against two different (ideally π/2 shifted) LO phase states. In contrast to this, the heterodyne system requires only one optical signal-LO mix-and-measure stage, simplifying the electro-optic front-end, but the photodetector and ADC bandwidth needs to be equal to the signal baud rate, at a minimum. In systems limited by receiver bandwidth intradyne receivers might be preferred, as intradyne systems require lower receiver E-O bandwidths than an equivalent homodyne receiver (i.e. B/2 vs. B in Fig. 1 ). However, in systems where optical front-end complexity is considered a problem, such as with short-haul links, heterodyne systems may deserve consideration. Moreover, Fig. 1 . Comparison on hardware requirements for a polarization diverse a) intradyne or b) heterodyne coherent optical receivers. Minimum E-O component bandwidth requirements are noted, and insets illustrate received optical and electrical spectra heterodyne systems require the same electro-optic bandwidths as virtual carrier direct detection systems [19, 28, 29] , and so can be directly compared in a fair manner.
With coherent receivers, balanced photodiodes are generally employed to remove commonmode signals. When mixing signal and LO in a 50%/50% (3-dB) optical coupler, the common signal-signal beat terms on each photodiode ideally should cancel, while the complementary signal-LO beat out of each arm of the coupler ideally should add. However, this requires a precision 50/50 split on the coupler and path-length matching between the coupler and the photodiodes down to a small fraction of a bit period. Using a single photodiode to obtain this mixing product does not require such precision, but does not cancel the SSBI [24] . However, as the ratio of signal-LO beat to signal-signal beat increases with CSPR, a high LO power can allow for significant detected signal amplitude relative to SSBI [24] . To clarify this, we can analyze the photocurrent (I r ec ) generated in measuring a single-polarization signal in a single photodiode heterodyne receiver (as illustrated Fig. 1(b) ), assuming that the signal (E sig ) and LO (E LO ) fields are co-polarized on a single photodiode:
(1) where R 0 is the photodiode responsivity, P x is denotes optical power and θ is the phase between signal and LO. The P LO term is low frequency and can be DC-blocked, whereas the wanted signal×LO cross-term (2 P sig √ P LO cos θ) can be in-band with the unwanted SSBI term (P sig ). As the received electrical power is proportional to the square of the photocurrent, the electrical power ratio of these two terms (assuming a uniform distribution of theta) is proportional to:
where I sig×LO 2 represents the signal×LO electrical signal power and I sig×sig 2 the power of the unwanted SSBI. The above equation suggests that the signal-to-interference power ratio should scale with the CSPR. As such, a powerful LO may enable a single photodiode to be used to measure a coherent optical signal with SSBI reduced purely through the detection process.
Characterization of SSBI in single-photodiode heterodyne detection
To ascertain the impact of SSBI in a single-photodiode heterodyne receiver, we directly measured the spectra of the signal and interference products when the LO was frequency offset from that signal's optical carrier by over twice the signal baud rate. Figure 2(a) shows the experimental set-up. Light from an external cavity laser (ECL) is modulated using a dual-polarization InP complex Mach-Zehnder modulator (InP DP-CMZM). A 35-GHz bandwidth modulator was driven by a 33-GHz bandwidth arbitrary waveform generator (AWG) running at 90 GSa/s. In this experiment, a 10-Gbd 16-QAM waveform was generated, shaped by a 10% roll-off digital root-raised cosine (RRC) filter and pre-emphasised to provide a flat optical response. The signal was amplified and the received signal power in back-to-back tests was controlled with a variable optical attenuator (VOA). The power of the LO, derived from a second ECL, was set by a power-controlled Erbium-doped fiber amplifier (EDFA), and is set to provide either 8.5 or 11.5 dBm at each photodiode. The signal and LO are injected into a single photodiode-per-polarization receiver, built from off-the-shelf polarization maintaining 3-dB couplers, a polarization beam splitter, and two 70-GHz bandwidth photodiodes. The output of the photodiodes were digitized by two 160 GSa/s, 62.5-GHz bandwidth channels of a real-time oscilloscope. The resulting waveforms were processed off-line. The signal DSP flow at the transmitter and receiver sides is shown in Fig. 2(b) . At the transmitter side, data was concatenated with a synchronization header and filtered with a 10% roll-off RRC filter with a bandwidth equal to the symbol rate, before re-sampling to match the sample rate of the AWG. At the receiver, the received signal was DC-blocked, down-shifted by a set f het value, then residual frequency offset was compensated by a spectral peak search. After re-sampling to 2 Sa/symbol, chromatic dispersion compensation was applied before frame synchronization. The signal was then equalized by a blind radial decision-directed constant-modulus algorithm with taps initialized by a training-based least-means-square (LMS) pre-convergence stage. A maximum-likelihood phase estimator then reduced phase noise before demodulation and bit-error counting. We note that very similar DSP flows are commonly used for intradyne receivers, excepting the simple set frequency shift that we apply here to bring the signal down close to base-band.
In order to investigate the effect of SSBI in our system, we first set a signal-LO detuning ( f het ) of 32 GHz, to allow for the signal-signal and signal-LO beat terms to be analyzed separately, as the SSBI term will lie around DC while the signal-LO term with lie around 32 GHz. By taking the Fourier transform of the measured waveforms, and integrating over the bands where the signal-signal and signal-LO beat lie, the ratio of signal to interference and noise (SINR) for different set CSPR values (i.e. signal to LO power ratio) is extracted. Representative measured spectra are shown in Fig. 3(a) , which shows the integration windows used for signal and interference-and-noise measurement. The signal-signal beat lies within the 0-12 GHz range, as expected for a 'rectangular' RRC shaped signal at 10-Gbd, and the integrated power over this window is taken as the 'interference and noise' power. The signal-LO beat is measured in a 12 GHz bin around 32 GHz, and the integrated power over this window is taken as the signal power.
The measured SINR is plotted against CSPR in Fig. 3(b) . As the 'carrier' in this set-up is the LO introduced at the receiver, the CSPR we measure is the ratio of the LO power to the signal power present at the photodiodes. The measured value of SINR increases with CSPR as expected (see Eq. (2)). In this experiment, as shown in Fig.2 , the CSPR is changed by attenuating the signal for a constant LO power. This means that at high CSPR values, the received signal power is Fig. 3 . Characterization of the effect of CSPR on SSBI in a single photodiode-per-polarization heterodyne receiver. a) Received electrical spectra at high and low CSPR with a 32 GHz carrier-signal detuning to spectrally resolve signal-carrier beat and signal-signal beat, b) Signal-to-interference-and-noise ratio inferred from received spectra against measured against measured carrier-to-signal power ratio, and c) received signal quality against CSPR for a 11 GHz carrier-signal detuning reduced, toward the noise floor of the receiver. Hence, as the CSPR is increased, the SINR peaks and then gradually decreases, as the received signal power becomes comparable with the noise floor of the receiver. Moreover, the SSBI beat falls within the receiver noise floor at high CSPR (see Figs.3(a) & 3(b) ), indicating that at CSPR values above 25 dB, SSBI should be negligible. This is further supported by the trace marked by open circles in Fig. 3(c) , which represent the same received waveforms as those marked by the closed circles, except that Kramers-Kronig DSP is used as the first step in the DSP flow, prior to down-sampling from the 160-GSa/s oscilloscope sampling rate to 2 Sa/s for the rest of the DSP, giving an oversampling rate of 16×. Where the signal is significantly impaired by SSBI, Kramer-Kronig reception gives a 1 dB Q 2 improvement, before saturating at around 21 dB at higher CSPR. The Kramers-Kronig DSP allows received signal quality to saturate at around 20 dB CSPR in this particular case, about a 5 dB improvement over the case without Kramers-Kronig DSP. This result seems to indicate that although the Kramers-Kronig DSP can significantly improve performance in heterodyne systems when impaired by SSBI, at very high received Q 2 there would seem to be room for improvement in SSBI cancellation, as in this experiment we would expect a constant Q2 regardless of CSPR if SSBI was fully cancelled. This may indicate that a further rigorous study, focusing on the SSBI cancellation efficacy of Kramers-Kronig DSP, is warranted.
We then decreased the signal-LO detuning to f het = 6 GHz, so that the signal-LO beat of the 10% roll-off signal lies in the same band as the signal-signal beat, and measure signal quality derived from error vector magnitude (EVM) as Q 2 = 20 × log 10 (EV M). Figure 3 (c) plots this against measured CSPR, with the LO ('carrier') power at each photodiode set to either 8.5 or 11.5 dBm. As with the SINR, the signal quality decreases with decreasing CSPR. At low CSPR, the performance is clearly limited by SSBI. We note that performance seems to be independent of the carrier power used, indicating that SSBI is the major limiting signal impairment. At higher CSPRs, signal quality asymptotes to around Q 2 =21.5 dB, and signal quality is limited by a combination of back-to-back OSNR and receiver noise. This then indicates that for CSPRs above 25 dB, SSBI has a negligible effect on signal quality on received 10Gbd signal, reflecting the direct measurement of SINR. Note that, however, as the measured signal bandwidth increases, the received SNR should decrease as the signal power is spread out over a wider received bandwidth changing the achievable asymptotic Q 2 . This indicates that for higher-bandwidth signals (as considered in the next section), the optimal CSPR may be considerably lowered, as the interference power will need to be larger to start to significantly outweigh the intrinsic receiver noise. Figure 4(b) shows measured bit-error rate against received OSNR for the range of symbol rates tested. As symbol rate increases, BER for a given OSNR decreases. Notably, the traces for 60-to 62-Gbd signals asymptote out toward significantly different error floors. Part of this effect can be attributed to the bandwidth limit of the oscilloscope used in the experiment. This has a hard cut-off anti aliasing filter that attenuates measured components significantly at frequencies above 62.5 GHz. For the 10% roll-off signals used here, this severely affects the high frequency components of the 62-Gbd signal, much less so the 60-Gbd signal. For the 56-Gbd signal, the entire signal band is comfortably accommodated in the bandwidth of the oscilloscope.
We also measure performance of the single-photodiode heterodyne system against a balanced photodiode intradyne system employing a 90 o optical hybrid. For the intradyne system, the optical paths for 'I' or 'Q' component measurement are matched to below 1 ps by the manufacturers of the separate optical hybrid and balanced 43-GHz bandwidth PDs. The remaining I/Q receiver path skew is compensated manually using the in-built channel skew function of the oscilloscope to below 0.5 ps (147.0 ps skew). To make a fair comparison, we use the two available 160 GSa/s inputs to the oscilloscope, for both the heterodyne and intradyne systems. This allows for only single-polarization detection for the intradyne system. As such, only a single-polarization signal is delivered to the intradyne receiver, while the heterodyne receiver detects a polarization-multiplexed signal. To compare these two receivers, their performance is plotted against single-polarization received OSNR in Fig. 4(c) . The performance of the balanced photodiode, optical hybrid intradyne receiver is clearly better than the single-photodiode per polarization heterdyne receiver, both in terms of required OSNR at the 20% SD-FEC limit indicated, and error floor indicated by the two traces. At the 20% SD-FEC limit, the implementation penalty (in terms of required OSNR) for the intradyne detection systems is 2.6 dB, with a further 2.5-dB penalty when receiving using the single-photodiode heterodyne set-up. This is consistent with the out-of-band noise sensitivity of heterodyne receivers, where LO-ASE beat is a significant noise source. For heterodyne measurement, optical noise outside of the signal band can be imaged back onto the signal upon heterodyne reception [30, 31] . In this case, as mentioned above, we use a 100-GHz bandwidth optical filter before the receiver, so some out-of-band noise is present at the receiver. With intradyne systems, only in-band LO-ASE beat noise is measured. We note that this out-of-band noise sensitivity effect may also limit the sensitivity of virtual carrier heterodyne systems [15, 18, 19]. We next investigated performance when receiving multiplexed signals in a WDM system. Here, the outputs of eight ECLs were separated in frequency by 100 GHz are combined in a PM 1 × 8 coupler, amplified to 20 dBm by a PM-EDFA before being simultaneously modulated. After the modulator, the band is passively split four ways, passed through four different lengths of SMF for temporal decorrelation, then 100/400 GHz four-way interleaved using a 1 × 4 wavelength selective switch to create an A-B-C-D WDM channel structure. The channel powers are equalized to within 1 dB. The experimental set-up is shown in Fig. 5 . After aggregation, the eight channels are then either attenuated before reception, passed through single spans of standard single mode optical fiber (G.652.D), or through field installed, metropolitan-area fibers (see the inset of Fig. 5 for a map of the fiber routes). The total launch power in all cases was +12 dBm (+3 dBm per channel), which provided the maximum performance.
WDM transmission
To characterize the link loss budget for our system, Fig. 6(a) shows BER of the center channel at 193.1 THz, with loss between the transmitter and pre-amplified receiver varied, for 56-and 61-Gbd symbol rates per channel. Up to 19-dB loss, there is little variation in the BER, as back-to-back noise dominates over noise from amplified spontaneous emission added by the receiver optical amplifier. For losses beyond this BER degrades, with the 56-Gbd signal crossing a commonly used 7% hard-decision FEC threshold at 3.8 × 10 −3 for losses above 26-dB, and the 61-Gbd signal passing thorough a common 20% soft-decision FEC threshold at BER=2.2 × 10 −2 for losses exceeding 30 dB.
The performance after transmission over single-spans of optical fibers with different lengths is shown in Fig. 6(b) . Again, we analyzed the center channel. Here, we have concatenated different combinations of 30-and 50-km long spools of G.652.D standard single-mode fiber to vary the 'single span' distance that the signal is transmitted over. Using the indicative 7% and 20% FEC thresholds for the 56-and 61-Gbd signals respectively, we were able to achieve reaches of 130 km and 150 km respectively. Comparing the loss of these different length spans (26.6 dB and 29.6 dB) to the loss budget described in Fig. 6(a) , these reaches are as expected. This indicates that chromatic dispersion is sufficiently compensated in receiver-side DSP, and that standard inter-datacenter and metropolitan area reaches are achievable for 400G channels with our simplified receiver. To show that the proposed system is robust to real environmental variations and cabling issues, we next transmit over field-installed metropolitan-area dark fibers available to us through the Australian Lightwave Infrastructure Test-bed (ALIRT), provided by AARNet. These fibers consist of loop-backs between Monash University's Caulfield and Clayton campus, and a ring connecting Monash Clayton with Melbourne CBD. The Caulfield-Clayton connection that we used here consists of two fiber pairs of 23.8-km length and 8-8.5 dB loss. Fiber lengths were confirmed using optical time domain reflectometry. Signal constellations and BER after transmission through this field-trial test-bed for the center WDM channel at 193.1 THz are shown in Fig. 6(c) , and BER in each case is below the 7% HD-FEC threshold. Again, similarly to the in-lab test fiber, we show a good match between span loss and performance, indicating that our system is robust to environmental fluctuations in field-installed fiber, and demonstrates that the proposed system may be deployed in existing fiber infrastructure.
Discussion
In this paper, we have shown a receiver that utilizes a two separate photodiodes to detect signals on two orthogonal polarizations, enabled by using a LO laser. We acknowledge that the addition of a LO in receivers for short haul applications is contentious. Here we find that a LO can be used to remove the requirement for SSBI cancellation, double capacity through polarization multiplexing and enable a simple optical front end for PM-mQAM signal detection. Moreover, as demonstrated by [20] , a LO in a transceiver architecture can be re-used, even in heterodyne detection. As such, the addition of a LO to single-photodiode receivers may prove to be more beneficial in terms of added capability, than it is detrimental in terms of cost.
We compare our results against published results in comparable systems using SSBI cancellation in Table 1 . Published results for Kramers-Kronig receivers in systems running at similar symbol and gross data rates, required 36-dB OSNR for a pre-FEC BER of 1.7 × 10 −2 on a 60-GHz wide, adaptively loaded DMT signal [18] , and 32 dB OSNR for a pre-FEC BER of 1 × 10 −2 with a 16-QAM, 64-Gbd signal [19] . For our 60-Gbd 16-QAM system, we require 27-dB OSNR at a pre-FEC BER of 1 × 10 −2 (see Fig.4 ). This indicates that the use of a heterodyne reception system to suppress SSBI can operate at 5-dB lower OSNR than comparable results using Kramers-Kronig schemes [18, 19] . Comparing our results to the 16-QAM, 56-Gbd heterodyne system employing Kramers-Kronig SSBI cancellation [21] , at their chosen pre-FEC rate BER threshold of 4.5×10 −3 , the measured required OSNR is 28.5 dB. In our 56-Gbd 16-QAM heterodyne system without Kramers-Kronig reception, we show here an identical sensitivity at this BER. This indicates that a strong lLO in a single-photodiode heterodyne receiver is able to suppress SSBI, removing the need for Kramers-Kronig receiver DSP. Note that we also forgo the recursive-least squares and maximum-likelihood sequence detection stages placed after phase correction in [21] . There is a clear caveat here that there must be sufficient power available to be used as LO and as the transmit optical carrier for our scheme to be used in the architecture proposed in [20] , in order to remove the need for Kramers-Kronig receiver DSP. 
this paper
By removing the requirement for Kramers-Kronig receiver DSP, we use a DSP flow of the sort commonly used with intradyne receivers. This indicates that the use of a strong LO may enable the reuse of (at least part of) ASIC designs developed for long-haul communications. The receiver hardware design for the system we show here is identical to that used for polarization multiplexed Kramers-Kronig receivers [20, 21] , and so requires the same photodiode and ADC bandwidth specifications. So, introducing a relatively strong LO to provide a high CSPR may provide a simpler path to implementation than including a new DSP routine with a much higher required oversampling rate than standard intradyne DSP [17] .
If it is then accepted that it is beneficial to include a LO in transceivers, then there arises the question of whether an intradyne receiver is practical. While path length matching may be a costly precision engineering issue if discrete components are used in an optical front end, this is easier to achieve if the receiver is monolithically integrated on a photonic chip-based platform (e.g. [32] [33] [34] ). Such monolithically integrated devices be useful in short-haul communications if they became widely available and mass-manufactured to reduce per-unit costs. The use of intradyne receivers would then allow the use of lower bandwidth ADCs for the same optical symbol rate compared with heterodyne reception, and so may ultimately have compelling implementation advantages. However, the above argument relies on significant take-up of monolithic receivers by industrial manufacturers. In comparison, the scheme showed here uses existing off-the-shelf components, and so may have greater potential to translate to practical use in the short term.
Conclusion
The inclusion of a LO for single-photodiode coherent detection enables the mitigation of SSBI, where the LO power is high enough to enable a large CSPR. Here we note that a CSPR of 25 dB is sufficient to enable detection of 400Gb/s-class signals. The use of a strong LO allows for lower received OSNRs than for state-of-the-art single-sideband, single-photodiode systems employing a virtual carrier, and removes the need for expanded digital signal processing in receivers to remove SSBI. We show detection of 400Gb/s channels after 150-km transmission in a single-span link, and show that this system can be implemented in installed fiber networks in a field trial test. This work shows that the use of a LO laser in a simplified optical front end may be a beneficial addition to receivers for short-haul, high data rate optical communication systems.
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